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Abstract: The development of frameworks for better-understanding ecological syndromes and
putative evolutionary strategies of plant adaptation to fire has recently received a flurry of
attention, including a new model hypothesizing that plants have diverged into three different plant
flammability strategies due to natural selection. We provide three case studies of pyromes/taxa (Pinus,
the Proteaceae of the Cape Floristic Region, and Eucalyptus) that, contrary to model assumptions,
reveal that plant species often exhibit traits of more than one of these flammability and post-fire
recovery strategies. We propose that such multiple-strategy adaptations have been favoured as
bet-hedging strategies in response to selective pressure from mixed-fire regimes experienced by these
species over evolutionary time.
Keywords: fire-adapted traits; fire severity; fire risk; fire-prone ecosystems; fire regimes; mixed-severity
fire regimes; plant flammability; plant flammability strategies
1. Introduction
Fire is a global ecological disturbance agent that exerts strong evolutionary pressure on plants.
How fire shapes plant evolution is currently a topic of extensive debate, given the recent spate of large,
destructive wildfires worldwide [1–3]. Key aspects of fire regimes, including frequency, season, type,
severity, and spatial pattern, exert selective pressure on plants, and promote the development of a range
of fire-adapted traits, including thick bark for insulating trees from heat damage, post-fire resprouting
from both above- and below-ground tissues, serotiny, self-pruning of lower canopy branches as a means
of avoiding crown fire, and heat- or smoke-induced seed germination. Many adaptations for both
gymnosperms and angiosperms to resist and recover from fire appear to have arisen in the Cretaceous
or before in response to increases in wildfire activity [4–7], and recent evidence suggests that such
traits have evolved repeatedly and independently around the globe in flammable landscapes [8–13].
More controversially, some authors have also posited that plants have increased their flammability to
gain competitive advantages against less fire-tolerant species [14–16].
A powerful approach to understanding variation among species subject to key selective forces
such as fire is to identify differing suites of correlated traits (ecological syndromes), and, if warranted,
to test the hypothesis that these syndromes represent evolutionary strategies shaped by natural
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selection and functional trade-offs. Rowe [17] was the first to group fire-adaptive traits into ecological
syndromes and propose associated evolutionary strategies, including: fire invaders (pioneers that
establish immediately after fire), evaders (plants with heat-induced seed dispersal or germination),
avoiders (fire refugial taxa), resisters (thick-barked plants), and endurers (resprouters). Other studies
have altered the original Rowe conceptual model to explore the evolution of strategies of plants in
fire-prone ecosystems (e.g., [10,18]). More recently, Pausas, et al. [19] developed a more complex,
multi-dimensional approach to fire-adaptative traits, based on whole-plant flammability as a key
way to identify ecological syndromes. They ordered plant species along three ecological flammability
axes and hypothesized that plants have diverged into three corresponding evolutionary strategies:
“non-flammable” plants that do not burn in fires, “fast-flammable” plants that ignite quickly but
experience minimal heat residence time, and “hot-flammable” plants with adaptations for promoting
and exploiting hot fires with high residence times. They posited that natural selection has driven
species towards the ends of these axes to form clearly defined strategies that represent alternative,
largely mutually exclusive mechanisms for plants to succeed in fire-prone environments.
This recent framework provides a novel emphasis on flammability concepts and provides a means
for building an increased understanding of the nature of plant adaptations to fire and the ways in
which organisms interact with their environments. However, there is also increasing recognition that
spatio-temporal variation is an inherent feature of landscape fires and that plant species express high
levels of diversity in fire-adaptations (e.g., [20]), which is an underemphasized factor that in the Pausas,
Keeley, and Schwilk [19] framework. Adaptations for persisting in fire-prone environments have
evolved in the context of substantial variation in fire regimes over long time-scales [21,22], especially
since fire characteristics can vary dramatically across a single species’ distribution, from fire-to-fire at
the same site, and even within the area of a single fire event [23–25]. Other papers (e.g., Prior et al.,
2018) have examined the ecological flammability aspects of the Pausas, Keeley, and Schwilk [19]
model. The purpose of this paper is to broaden the utility of the Pausas, Keeley, and Schwilk [19]
framework and to contribute to the development of multidimensional flammability and post-fire
response models that incorporate the following concepts: (1) plant species often exhibit traits of more
than one flammability strategy which can confer survival and reproductive advantages in response to
fire; (2) many plant species fall at intermediate, not extreme, positions along the plant flammability
gradient; and (3) mixed-fire regimes may be an important pressure for the evolution of fire-adapted
traits leading to species mapping onto multiple strategies.
2. Species Exhibiting Multiple Flammability Strategies
A central tenet of frameworks of fire-adaptation strategies, such as that of Pausas, Keeley,
and Schwilk [19], is that natural selection has favoured the evolution of sets of correlated, reinforcing,
and largely mutually exclusive traits that confer fitness advantages in fire-prone environments which
are expressed as clearly identifiable evolutionary strategies. For instance, plants living in pyromes
characterized by low intensity fires survive because they have thick insulative bark or self-prune lower
branches to avoid crown fire, etc. Conversely, such strategies are absent in species that evolved under
hotter fire regimes that favour plant flammability strategies such as the activation of dormant buds
from tissue injury or fire-stimulated seed germination. Pausas, Keeley, and Schwilk [19] also argue
that “While many plants fall at intermediate levels of these axes (i.e., the null model for flammability),
plants in fire-prone ecosystems benefit from being at the extremes, forming the three flammability
strategies...” In other words, in fire-prone areas, species should tend to exhibit only one flammability
strategy composed of a set of correlated traits falling at the extreme of one of the three strategies
rather than at intermediate positions. We address these expected outcomes with case studies from
three different pyromes/taxa. Our analysis reveals that species exhibit tremendous diversity in traits
promoting the tolerance of and recovery from fire that often do not map neatly onto clearly defined
evolutionary end points.
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3. Case Studies
3.1. Pinus
The negative correlation between serotiny and self-pruning in trees has been repeatedly used
as evidence for the evolution of flammable plants in high-severity wildfire systems. While the
evolution of serotiny as an adaptation to high-intensity crown fire is well-established [10,13,26],
this assertion fails to acknowledge that some members of Pinus exhibit serotiny but also thick bark
and self-pruning. Others have one or more of these traits, and can also sprout after fire-induced tissue
damage. For example, P. leiophylla, from the southwestern United States and northern Mexico, exhibits
semi-serotinous cones, thick bark, and moderate post-fire basal and epicormic resprouting [27–31].
The same is true for P. pungens, which has serotinous cones, intermediate bark thickness, and the
capacity to resprout in response to fire [26,32–35]. In fact, rather than occurring exclusively at one of
the three flammability extremes postulated by Pausas, Keeley, and Schwilk [19], many species within
Pinus exhibit traits that map onto intermediate positions along flammability axes with more than one
strategy (Figure 1, Table 1A).
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Figure 1. (a) Revised version of the conceptual flammability model of Pausas, Keeley, and Schwilk [20]
depicting where pines with multiple fire-adapted traits fall on the three axes of variation in plant
flammability, and (b) non-metric multidimensional scaling (nMDS) of fire-adapted traits for the
members of the Pinus genus with (1) multiple fire-adapted traits listed in Table 1A and (2) traits
for taxa with only single flammability strategy taken from Appendix 21.1 in Keeley and Zedler [26].
Species with multiple flammability strategies in this ordination were identified through an exhaustive
review of the literature on Pinus. Species are plotted in trait space and are displayed according to
flammability strategy via the nMDS of species by traits (i.e., presence/absence) using relative Euclidean
distances and PC-Ord software [36]. The final stress for the ordination was 0.0749. While some members
of the Pinaceae fall at the extremes, the ordination diagram clearly shows that many species fall at the
center of the nMDS and possess multiple fire-adapted traits.
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3.2. Proteaceae of the Cape Floristic Region, South Africa
The Cape Floristic Region (CFR) is a fire-dominated global biodiversity hotspot [37].
Plant communities of the CFR commonly have an overstory of shrubs and small tree species, with many
from the Proteaceae family. With roughly 300 species in 14 genera, the Proteaceae of the CFR span
almost the full range of woody plant life-history traits [38], and variation in fire survival mode in the
CFR is commonly touted as one of the mechanisms facilitating the coexistence and maintenance of
high diversity across the region [39]. The CFR Proteaceae typically burn at high fire severity and are
adapted to such a fire regime due to aerial or soil seed banking [40], although most genera in this
family also contain intermediates along the plant flammability gradient (Table 1B). For example, of the
81 Leucadendron species studied by Tonnabel, et al. [41], they identify 10 that exhibit both serotiny
or soil-stored seed banks and post-fire basal resprouting, which is an important example of how
multiple flammability strategies can operate within one species. This number is higher in the Cape
species of Protea, with 19 of 79 having fire-adapted traits that place them in multiple flammability
strategy categories [38]. Other species such as Leucospermum conocarpodendron, Mimetes fimbriifolius and
Leucadendron argenteum combine high-severity wildfire traits like serotiny or soil seed banking with
lower fire-severity strategies like thick bark that reduces adult fire-mortality [38]. Lastly, Protea nitida is
the only species in the Cape Proteaceae that combines thick bark and epicormic resprouting, but has no
seed bank. However, this strategy is far more common in the summer-rainfall Protea species, which are
subject to less severe, grass-driven surface fires [38].
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Table 1. Flammability strategies of the (A) Pinaceae and (B) Proteaceae from the Cape Floristic Region of South Africa for species with multiple flammability strategies.
Taxon Grass Stage Basal Resprout Epicormic Resprout Seed Banker Serotiny Thick Bark Self-Pruning Flammability Strategy Source
(A) Pinaceae
Pinus canariensis + + + - - + - fast and non-flammable [26,42,43]
P. caribaea var. hondurensis - + + - - + + fast and non-flammable [6,44]
P. devoniana ± - - - - + + fast and non-flammable [26,45]
P. echinata - + + - - + + fast and non-flammable [46]
P. elliottii var. densa - + - - - + + fast and non-flammable [13,47,48]
P. hartwegii ± + + - - + + fast, hot, and non-flammable [44,46]
P. halapensis ± - - - ± + + fast and hot-flammable [49–51]
P. leiophylla - + + - ± + + fast, hot, and non-flammable [27–30]
P. merkusii ± - - - - + + fast and non-flammable [26,52]
P. montezumae ± - - - - + + fast and non-flammable [26,53]
P. oocarpa - + + - ± + + fast, hot and non-flammable [26,54]
P. patula - - - - ± + + fast and hot-flammable [26,44]
P. pinaster - - - - ± + + fast and non-flammable [49,55,56]
P. pseudostrobus ± + + - - + + fast, hot, and non-flammable [6,44,46]
P. pungens - + - - ± + - fast, hot, and non-flammable [26,32–35]
P. rigida - + + - ± + - fast and non-flammable [26,57]
P. serotina - + + - ± + - fast, hot, and non-flammable [26,58–60]
P. tecote - + + - - + + fast, hot, and non-flammable [6,44,46]
P. torreyana - - - - + + - fast and non-flammable [26]
P. virginiana - + + - - + - fast and non-flammable [6,26]
(B) Cape Floristic Region Proteaceae
Aulax pallasia - + - - + - - fast and hot flammable [38]
Leucospermum cuneiforme - + - + - - - fast and hot flammable [38]
Leucospermum conocarpodendron - - - + - + - hot and non-flammable [38]
Mimetes fimbriifolious - - - + - + - hot and non-flammable [38]
Mimetes cucculatus - + - + - - - fast and hot flammable [38]
Leucadendron salignum - + - - + - - fast and hot flammable [38]
Leucadendron argenteum - - - - + + - hot and non-flammable [38]
Protea cynaroides - + - - + - - fast and hot flammable [38]
Protea nitida - - + - - + - fast and non-flammable [38]
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3.3. Eucalyptus
Eucalyptus is a notoriously flammable plant genus [61], and nearly all species have multiple
characteristics that help them resist mortality and recover from fire, including lignotubers [62,63],
epicormic bud resprouting [64], serotinous fruits [65–67], and clonal root suckering [66,68]. Nicolle [67]
classified over 700 taxa in the eucalypt clade as being an (a) obligate seeder, (b) lignotuber resprouter,
(c) stem resprouter, and (d) combination resprouter (Figure 2). Rather than showing a clear association
between climate and fire regimes [69], the biogeographical pattern of these regeneration strategies
is complex, as outlined below. Some eucalypt species in infrequently-burnt environments have
down-regulated vegetative recovery mechanisms, and instead rely on serotinous, aerial seed banks.
The best-known examples (such as E. regnans, the world’s tallest angiosperm) occur in highly
productive environments, with high soil fertility and moisture availability [70]. In these forests, the risk
of crown fire is highest in the immature stage [71,72], which is contrary to the notion that landscape
flammability is closely correlated with serotiny. Furthermore, these species can partially resist
low-severity ground fires, leading to multi-cohort stands (i.e., not all fires are uniformly high-severity
and stand-replacing [71,73]). This is even more noticeable in a little known and diverse concentration of
obligate-seeder eucalypts found in low-productivity semi-arid woodlands in south-western Australia
(Figure 2a). Mature woodlands occur with low loads of discontinuous litter fuels and, are therefore
“fire-resistant,” and appear to be able to regenerate in the absence of fire. However, extreme fire
weather or high fuel loads can lead to stand-replacing fires [74]. Why these woodlands are dominated
by obligate seeders remains unclear, given that environmentally comparable semi-arid woodlands in
south-eastern Australia are dominated by strong resprouters (Figure 2).
Eucalypt species that have a wide environmental range, and hence exposure to various fire
regimes, show marked variation in the intensity of lignotuberous resprouting, bark thickness,
and height of fibrous bark on trunks (e.g., [75–77]). This is well-illustrated by the regeneration strategies
of Eucalyptus delegatensis, a tall forest tree that is closely related to E. regnans. The mainland Australian
subspecies has a rough fibrous stocking that extends about one third up its trunk, enabling it to
withstand low-severity surface fires that occur in open, grassy understoreys in old-growth, multi-aged,
and continuously-regenerating forests [78]. Yet, under high-severity fire regimes, stands of this species
can be killed, leaving the sole regeneration strategy as a canopy seedbank that disperses with fire
damage. Following stand-replacing fires, the immature cohort is vulnerable to fire kill due to both high
stem density and high shrub cover [79], with multiple fires leading to local extinction [80]. Nonetheless,
frequent fires can select for precocious flowering genotypes [81]. By contrast, the Tasmanian form of
E. delegatensis has fibrous bark extending into the lower branches of the crown, with a well-developed
epicormic response and lignotuberous saplings [82]. Unlike the mainland Australian form, which is
restricted to moist fertile sites, the Tasmanian subspecies spans a wide environmental gradient,
from infrequently burnt temperate rainforests to forests with a high frequency of low-severity surface
fires [82,83]. The mainland Australian and Tasmanian subspecies of E. delegatensis thus provide
a prime example of a fire-adapted tree species with a wide environmental amplitude, spanning
multiple fire regimes ranging from frequent, mid-severity surface-fires to infrequent low-severity
fires or stand-replacing fires, thereby spanning the entire gradient of plant flammability strategies.
Why and when the divergence of the two subspecies post-fire responses occurred remains unclear and
warrants investigation.
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Figure 2. Four post-fire regeneration strategies according the classification of Nicolle (2006) (a–h):
(a) and (b) obligate seeder, (c,d) lignotuber resprouter, (f) stem resprouter, and (e–h) combination
resprouter for 723 taxa (species, subspecies and hybrids) within the eucalypt clade. The continental
distributions of the four regeneration strategies and the tropical (green), arid (yellow) and temperate
(blue) Koppen regions are shown in the maps. Photographs of each of these four regeneration strategies
are also shown for (a) the obligate seeder E. regnans forest above a Nothofagus rainforest in western
Tasmania (=non-flammable strategy of Pausas, Keeley, and Schwilk [19]); (c) lignotuberous ‘mallee’
E. socialis in semi-arid southeastern Australia (=hot flammable strategy [19]); (e) stem resprouting in the
combination resprouter E. globulus forests in dry temperate Tasmania (=hot flammable strategy [19]);
and (h) combination resprouter E. tetrodonta in tropical savanna (=fast flammable strategy [19]).
The distribution data are sourced from the Atlas of Living Australia (ALA, http://www.ala.org.au.
Accessed 8 December 2017). Note some hybrids listed by Nicolle [67] were not available in ALA.
Fire 2018, 1, 39 9 of 14
4. Mixed-Fire Regimes
Variation in topography, climate, and fire weather engender heterogeneity in wildfires across
geographic space, as well as over historical and paleo time-scales. This variability in fire frequency,
intensity, and other behavioural aspects results in mosaics of intermixed patches of plant survival,
fuel loads, and flammabilities across landscapes [20,22,84–92]. Spatiotemporal variation in live and
dead vegetation quantities in relation to the fire regime generates vegetation mosaics that can amplify
abiotic influences of the landscape on fire behaviour. As a result, over evolutionary time, many plant
species in fire-prone ecosystems experience fires that vary in their characteristics across both time
and space. These mixed-fire regimes (fires that burn across a range of fire behaviours, thereby killing
different amounts of vegetation [93]) impose variation in selection pressures, which may favour
bet-hedging (sensu [94]) through the evolution of multiple resistance and recovery mechanisms for
persisting in a variable but fire-prone environment, as demonstrated in our case studies. In other
words, fire regimes (and the characteristics of any given fire) are the complex product of climate,
topography, and all plant species constituting the community. They are only partially influenced by
the flammability of a single species. Such shifting patchworks of fire behaviour represent barriers for
the evolution of traits that expressly drive traits towards the extremes of the flammability gradient,
as argued in Pausas, Keeley, and Schwilk [19]. Instead, mixed-fire regimes may favour the evolution
of multiple fire adaptations in species that fall within more than one of the evolutionary strategies
hypothesized by Pausas, Keeley, and Schwilk [19]. A similar scenario has been demonstrated for
variation in germination strategies in arid land plants driven in part by climate variation [95].
Contrasting fire regimes across the range of a single, but widely-distributed plant species has led
to ecotypic differentiation in strategies for persistence in fire-prone environments [96], as described
in our eucalyptus case study. In other words, some apparent cases of multiple fire-adapted traits in
a species might be attributable to a collective set of characters summed across populations, where each
population is adapted to its current local environment and historical variation in fire regimes and
environmental conditions over time. For example, substantial variation in serotiny among populations
has been well documented in P. banksiana, P. contorta, and P. rigida in response to different fire
histories [97–100]. Such ecotypic variation could represent multiple instances of evolution to strategies
described in Pausas, Keeley, and Schwilk [19] rather than bet-hedging strategies in a species. Yet,
from our observations as a whole, we propose that, within most species, fire-adapted traits falling
into multiple evolutionary strategies reflect species-level characteristics that are promoted by repeated
exposure to mixed-severity fire regimes over evolutionary time. Examination of ecotypic differentiation
in fire-adaptations across fire regime gradients might provide a powerful way to test some of the
contrasting ideas presented this paper, as well as those in Pausas, Keeley, and Schwilk [19].
As described by Pausas, Keeley, and Schwilk [19], some species exhibit fire-associated adaptations
falling within multiple flammability strategies across life stages for species at the same location.
They cite the striking differences between the “fast-flammable,” “grass-stage” seedlings versus the
“non-flammable,” mature stage of P. palustris as evidence of this phenomenon. Such variation has
likely emerged because these life stages, due to their contrasting stature, experience the same fire
in different ways: seedlings as a fast-moving fire that briefly engulfs them, and the mature tree as
a surface fire that passes below with little immediate impact. Thus, selection associated with variation
in fire characteristics can act at multiple levels within species: vertically among life stages (leading
to contrasting fire-adaptations), geographically across populations (leading to ecotypes), and across
historical and paleo time-scales and space (leading to bet-hedging adaptations falling into multiple
strategies at the same life stage within populations).
5. Conclusions
Frameworks of evolutionary strategies of fire-adapted traits, such as those of Rowe [17] and
Pausas, Keeley, and Schwilk [19], are instrumental in theorizing about the evolution of plants to
recurrent landscape fires. Although a modicum of species can deviate from such generalizations,
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multiple anomalies or inconsistencies in these ideas might suggest that the fire-dominated world is
indeed more complicated. We have provided such evidence here, in contrast to the assumptions of the
Pausas, Keeley, and Schwilk [19] model, that many species within at least three pyromes/taxa exhibit
apparent fire-adaptations falling into multiple strategies, and, further, that such diverse sets of traits
may have evolved in response to mixed-fire regimes. We agree with Pausas et al (2017) that differences
in flammability among plants, no matter how they evolved, are a crucial aspect of our knowledge of
plant strategies for persisting in fire-prone environments. Understanding the evolution of flammability
and the connections between flammability and other adaptations remain exciting frontiers in the field
of fire ecology.
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